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The purpose of this study was to evaluate the effects of 
hyperglycemia on skeletal muscle recovery following disuse-
induced muscle atrophy in rats. Wistar rats were grouped as 
streptozotocin-induced diabetic rats and non-diabetic rats. Both 
ankle joints of each rat were immobilized to induce atrophy of 
the gastrocnemius muscles. After two weeks of immobilization 
and an additional two weeks of recovery, tail blood and 
gastrocnemius muscles were isolated. Serial cross sections of 
muscles were stained for myosin ATPase (pH 4.5) and alkaline 
phosphatase activity. Serum insulin and muscle insulin-like 
growth factor-1 (IGF-1) levels were also measured. Serum insulin 
levels were significantly reduced in the diabetic rats compared to 
the non-diabetic controls. The diameters of type I, IIa, and IIb 
myofibers and capillary-to-myofiber ratio in the isolated muscle 
tissue were decreased after immobilization in both treatments. 
During the recovery period, these parameters were restored in 
the non-diabetic rats, but not in the diabetic rats. In addition, 
muscle IGF-1 levels after recovery increased significantly in the 
non-diabetic rats, but not in the diabetic rats. We conclude that 
decreased levels of insulin and IGF-1 and impairment of 
angiogenesis associated with diabetes might be partly 
responsible for the inhibition of regrowth in diabetic muscle. 
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Diabetes mellitus (DM) is often associated with 
comorbidities such as macrovascular disease, 
neuropathy, and nephropathy (Brownlee 2005). In 
addition, skeletal muscle diseases, many of which lead 
to decreased muscle weight and muscle weakness, have 
also been observed in diabetes patients and animal 
models (Krause et al. 2011). Further, skeletal muscle 
atrophy and hyperglycemia-induced capillary changes in 
patients with DM have been linked to changes in the 
expression levels of several hormones and cytokines. 
For example, the levels of insulin and insulin-like 
growth factor-1 (IGF-1) were found to be significantly 
lower in the plasma and skeletal muscle of diabetic 
animals than that of non-diabetic animals (Fedele et al. 
2000, Dehoux et al. 2004). IGF-1 is known to induce 
skeletal muscle maturation and hypertrophy in an 
autocrine/paracrine fashion by directly stimulating 
muscle protein synthesis and/or attenuating protein 
breakdown (Adams et al. 1999, Glass 2010). The role of 
IGF-1 as a critical regulator of skeletal muscle growth 
indicates that reduction in IGF-1 levels may be involved 
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in both atrophy and growth inhibition of skeletal muscle 
in DM patients (Dehoux et al. 2004, Krause et al. 2009). 
Furthermore, it has been demonstrated that vascular 
endothelial growth factor-A (VEGF-A) levels are 
reduced in streptozotocin (STZ)-induced DM, and this 
reduced expression seems to be a key factor in the 
associated skeletal muscle capillary changes (Rivard et 
al. 1999, Kivelä et al. 2006). 
Skeletal muscle changes, such as muscle weight 
loss and myofiber atrophy, are also induced during 
periods of decreased neuromuscular activity (e.g. 
gravitational unloading during bed rest, space flights, 
reflex atrophy, or joint immobilization) (Asmussen et al. 
1991, Caiozzo et al. 1997, Zacharová et al. 1997, 
Kraemer et al. 2000). Importantly, disuse-induced muscle 
atrophy is reversible and atrophied muscle can regrow 
upon resumption of regular weight-bearing activity 
(Nakano et al. 2009, Stevens-Lapsley et al. 2010). 
Various biological processes, including angiogenesis and 
growth factor-regulated mechanisms, contribute to 
skeletal muscle recovery after disuse-induced muscle 
atrophy. It has been reported that expression of IGF-1 in 
skeletal muscles is significantly upregulated during 
muscle regrowth after a period of unloading and cast 
immobilization, indicating that activation of the IGF-1 
signaling pathway is necessary for recovery from disuse-
induced muscle atrophy (Nakano et al. 2009, Stevens-
Lapsley et al. 2010, Washington et al. 2011). In addition, 
previous studies also indicate that angiogenesis is 
strongly correlated with muscle hypertrophy (Plyley et al. 
1998, Nakano et al. 2009).  
Previously, it has been demonstrated that DM 
provides an unfavorable environment for the regeneration 
of skeletal muscles (Vignaud et al. 2007, Jerković et al. 
2009, Nguyen et al. 2011). For example, Jerković et al. 
(2009) reported that the extensor digitorum longus (EDL) 
myofibers in diabetic rats showed greater atrophy during 
recovery from muscle injury than did non-diabetic 
controls. In animal models of ischemia, diabetes has also 
been shown to impair angiogenesis (Rivard et al. 1999, 
Hazarika et al. 2007, Fallahzadeh et al. 2011). Although 
our understanding of diabetes and its associated 
comorbidities is continually expanding, the effects of 
diabetes on the recovery from disuse-induced muscle 
atrophy have not yet been evaluated. Thus, the purpose of 
the present study was to evaluate the effect of DM on the 
recovery of skeletal muscle after disuse-induced muscle 
atrophy in a rat model. 
 
Materials and Methods 
 
Animals  
Male Wistar rats (age, 10 weeks) were 
purchased from Kudo Laboratories (Tosu, Saga, Japan) 
and all 42 were housed in the Laboratory Animal Center 
in Nagasaki University. Rats were housed in standard 
conditions (temperature, 24 °C; humidity, 60 % ± 10 %; 
light, 8:00 AM to 8:00 PM) and were provided 
unrestricted access to tap water and food pellets. Animal 
care and experimental procedures were performed in 
accordance with the Guidelines for Animal 
Experimentation of Nagasaki University and with 
approval from the Institutional Animal Care and Use 
Committee (approval number: 0909090785).  
Rats (n=21) received a single intravenous 
injection of the pancreatic β-cell toxin STZ (Wako, Osaka, 
Japan) at 60 mg/kg in saline solution to induce 
experimental type 1 diabetes (diabetic). All other rats 
received a sham injection of an equal volume of saline 
solution (non-diabetic). To confirm the induction of 
diabetes, a blood glucose levels were determined three 
days after the injection. Blood samples were acquired from 
a tail vein, and blood glucose levels (mg/l) were measured 
using One Touch Basic Blood glucose Monitoring System 
(Lifescan Canada Ltd, Burnaby, BC, Canada) and One 
Touch test strips (Lifescan Canada). Rats were 
characterized as STZ-diabetic when their blood glucose 
values were greater than 300 mg/dl. Other symptoms of 
type 1 diabetes, such as polyuria and weight loss, were also 
observed in the diabetic rats. Blood glucose levels and 
body weights (BW) of all rats were recorded once per 
week to monitor the diabetes. Within three days after 
verification of diabetes induction, diabetic and non-diabetic 
rats were used for the experiments described below. 
The 21 diabetic rats and 21 non-diabetic rats 
were randomized equally into 3 groups: Sedentary, cast 
immobilization only (Immobilization), and recovery after 
cast immobilization (Recovery). Muscle atrophy was 
induced in the Immobilization and Recovery groups via 
cast immobilization as described in a previous study 
(Okita et al. 2009). Briefly, rats were anesthetized with 
diethyl ether and their ankle joints were fixed in full 
plantar flexion with plaster casts, with the triceps surae 
muscle of the calf immobilized in a shortened position. 
The casts were kept in place for two weeks. After the 
period of immobilization, casts of the rats in the 
Recovery group were removed, and the rats were allowed 
to recover for two weeks under normal conditions. 
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Serum and tissue preparation 
Upon completion of the two-week 
immobilization period, rats in the Immobilization and 
Sedentary groups were anesthetized with diethyl ether, 
tail blood was obtained, and sera were separated and 
stored at −80 °C. Next, the gastrocnemius medialis (GM) 
muscles from both legs were extracted. Rats in the 
Recovery group were allowed to recover for an additional 
two weeks following the immobilization period and then 
sampling was performed using the same methods. 
 
Histochemical analysis 
The GM muscles from the right leg of each 
animal were frozen with isopentane cooled by liquid 
nitrogen and transverse serial frozen sections (6 μm) were 
collected using a cryostat (CM1950; Leica, Germany). 
Diameters of each type of myofiber were determined 
using myofibrillar adenosine triphosphatase (myosin 
ATPase) staining (Guth et al. 1970). In the present 
investigation, the acid pre-incubation solution (pH 4.5) 
was used to classify myofibers from the deep layer of the 
GM muscle into types I, IIa, and IIb (Zacharová et al. 
2005, Novák et al. 2010), which are the primary types of 
myofibers intermingled in this muscle layer (Delp et al. 
1996). The diameters of each type of myofiber were 
determined using ImageJ software (NIH, Frederick, MD). 
For each type, more than 200 fiber measurements were 
recorded per animal. 
The alkaline phosphatase reaction, employing an 
indoxyl-tetrazolium method, was used to visualize 
capillaries in the muscles. Capillary supply was evaluated 
based on the capillary density (CD) and capillary-to-
myofiber ratio (C : F). In brief, the capillaries and 
myofibers were counted in 5 unbiased photographs 
(×100 magnification; 0.58 mm2) covering the entire area 
of the deep layer of the muscle. For each photograph, the 
CD and C : F values were expressed as the number of 
capillaries per unit area (mm2) and the number of 
capillaries per myofiber, respectively. 
 
Enzyme-linked immunosorbent assay for insulin, IGF-1, 
and VEGF 
Serum insulin concentrations were determined 
using an ELISA kit (Mercodia, Uppsala, Sweden). The 
deep layer of the GM muscles from the left leg of each 
animal were trimmed and homogenized in 0.01 M 
phosphate buffer (PBS; pH 7.4). The levels of IGF-1 and 
VEGF in the muscle homogenates were also measured 
using an ELISA kit (Quantikine®; R&D Systems, 
Minneapolis, MN, USA).  
 
Statistical analysis 
All data are presented as the mean ± standard 
error (SE). Differences between data collected at different 
time points in the same group were assessed using  
one-way repeated ANOVA followed by Scheffe post-hoc 
test. A one-way ANOVA was used to compare all 
variables among the three groups within the same 
treatment (diabetic or non-diabetic). In addition, unpaired 
t-tests were used for comparisons between diabetic and 
non-diabetic rats in the same group. P values of <0.05 




Body weight and blood glucose 
Table 1 shows the observed changes in blood 
glucose levels (mg/dl) and BW (g). For all three groups 
(Sedentary, Immobilization, and Recovery), blood 
glucose levels were higher in STZ injection-induced 
diabetic rats than in the non-diabetic controls. Further, 
these increased levels were maintained throughout the 
experimental period. No significant differences in blood 
glucose levels were observed between Sedentary, 
Immobilized, and Recovery groups within the diabetic or 
non-diabetic treatment groups. 
BW within 10 days of STZ injection was 
significantly lower in the Sedentary group of diabetic rats 
than in the same group of non-diabetic rats. After two 
weeks of cast immobilization (Immobilization and 
Recovery groups) BW of both diabetic and non-diabetic 
rats was significantly lower than that of the Sedentary 
group rats. The Recovery groups also showed favorable 
regrowth after the release of cast immobilization, 
regardless of the severity of diabetes.  
 
Serum insulin levels 
For each group of diabetic rats, serum insulin 
levels (pmol/l) within four weeks were significantly lower 
than that in the same group of non-diabetic rats (Table 2). 
Within the non-diabetic treatment group, serum insulin 
levels were significantly lower in the Immobilization group 
than in both the Sedentary and Recovery groups, while no 
difference was found between the Sedentary and Recovery 
groups. In contrast, no differences in serum insulin levels 
were observed in any of the diabetic rat groups, regardless 
of the hindlimb condition (i.e. sedentary, immobilized, or 
under recovery). 
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Table 1. Changes in blood glucose and body weight. 
 
 
Non-diabetic rats Diabetic rats 
Sed Im Rec Sed Im Rec 
Blood glucose 
(mg/dl) 
      
0 day  155.9±5.5 134.0±3.7 150.4±8.0 139.9±5.2 141.4±6.2 147.3±5.2 
3 days 136.9±7.4 147.6±5.2 142.4±7.4 584.1±27.1† ,‡ 513.0±15.6† ,‡ 509.4±41.5† ,‡ 
10 days 138.1±5.5 131.0±5.9 134.3±8.5 578.4±18.9† ,‡ 506.7±20.5† ,‡ 527.3±20.4† ,‡ 
17 days 143.3±6.9 142.6±8.7 133.6±6.6 573.9±30.1† ,‡ 585.1±59.3† ,‡ 561.6±13.1† ,‡ 
24 days   128.6±6.3   533.6±24.3† ,‡ 
31 days   148.9±8.1   590.0±15.1† ,‡ 
Body weight 
(g) 
      
0 day  373.7±7.9 376.6±5.5 374.9±6.5 376.7±4.6 373.6±5.6 380.2±4.9 
3 days 384.4±8.2 378.3±5.7 383.5±6.4 368.2±6.5 366.3±6.8 367.1±4.2 
10 days 406.3±11.2†  368.1±3.8§ 371.9±6.6§ 366.6±5.9† ,‡ 347.3±7.8† ,‡,§ 344.5±5.0† ,‡,§ 
17 days 414.1±11.4†  361.5±5.8† ,§ 362.3±4.5† ,§ 362.7±7.0† ,‡ 327.0±7.4† ,‡,§ 322.8±7.8† ,‡,§ 
24 days   384.3±7.3¶   331.0±6.2† ,‡ 
31 days   406.5±8.9† ,¶   348.4±7.7† ,¶,‡ 
 
Data are presented as means ± SE; † significantly different (P<0.05) from the same group (i.e. Sedentary, Immobilization, or Recovery) 
of rats with the same treatment (i.e. non-diabetic or diabetic) at day 0; ¶ significantly different (P<0.05) from the same group of rats 
with the same treatment at day 17; ‡ significantly different (P<0.05) from the same group of non-diabetic rats at the same day; 
§ significantly different (P<0.05) from the Sedentary group of rats with the same treatment at the same day. 
 
 
Table 2. Serum insulin levels for each group of non-diabetic and diabetic rats. 
 
 Non-diabetic rats Diabetic rats 
 Sed Im Rec Sed Im Rec 
Serum insulin 
(pmol/l) 
563.3±87.3 187.3±39.2† 530.2±96.7‡ 79.2±17.4§ 86.9±12.4 42.4±3.1§ 
 
Data are presented as means ± SE; † significantly different (P<0.05) from the Sedentary group of rats with the same treatment  
(i.e. non-diabetic or diabetic); ‡ significantly different (P<0.05) from the Immobilization group of rats with the same treatment; 




The effects of immobilization and reambulation 
on the size of each type of GM muscle myofiber in non-
diabetic and diabetic rats are shown in Figure 1. 
Comparison of the myofiber diameters in the diabetic and 
non-diabetic rats in the Sedentary group indicates that 
there is a significant decrease in type IIa and IIb fibers 
(Fig. 2B and C), but not in type I fibers (Fig. 2A), in the 
diabetic rats. The diameters of type I, IIa, and IIb fibers in 
the Immobilization group of both diabetic and non-
diabetic rats decreased significantly compared to the 
corresponding Sedentary group. In the non-diabetic rats, 
the diameter of type I, IIa, and IIb fibers in the Recovery 
group was significantly higher than that in the 
Immobilization group. In contrast, no differences in 
diameter were observed between the Recovery and 
Immobilization groups of the diabetic rats.  
 
Capillaries 
Figure 3 shows the effects of immobilization and 
reambulation on capillary distribution in GM muscles of 
non-diabetic and diabetic rats. The CD of the GM muscle 
was not significantly altered in any of the non-diabetic or 
diabetic rat groups. However, the C : F ratio for diabetic 
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rats in the Sedentary group was lower than that of the same 
group of non-diabetic rats, although the difference was not 
significant (Table 3). Further, the C : F ratio for the 
Immobilization group was lower than that of the Sedentary 
group for both the diabetic and non-diabetic treatment 
groups. In the non-diabetic rats, the C : F ratio for the 
Recovery group was significantly higher than that of the 
Immobilization group. In contrast, the C : F ratio for the 
Recovery group of the diabetic rats was not significantly 
higher compared to the Immobilization group (Table 3). 
 
Levels of IGF-1 and VEGF 
In the Sedentary group, IGF-1 and VEGF 
protein levels in the GM muscles from diabetic rats were 
decreased compared to non-diabetic rats (Fig. 4). The 
level of IGF-1 in the non-diabetic Immobilization group 
was lower than the Sedentary group, while no change was 
observed between these groups for the diabetic rats. 
Significantly higher IGF-1 levels were detected in the 
Recovery group compared to the Immobilization group in 
the non-diabetic rats, but this increase was not observed 
for the diabetic rats (Fig. 4A). On the other hand, the non-
diabetic and diabetic rats showed a similar trend with 
respect to the VEGF levels, whereby the Immobilization 
group was lower than the Sedentary group, and the 
Recovery group was significantly higher than the 
Immobilization group (Fig. 4B). 
 
 
Fig. 1. Light micrographs of histological 
gastrocnemius muscle sections stained for 
myosin-ATPase (pH 4.5). Type I fibers are 
visualized as a dark stain; type IIa fibers 
exhibit a light stain; and type IIb fibers 
demonstrate an intermediate stain. The 
upper row represents non-diabetic rats and 
the lower row represents non-diabetic rats. 
Scale bar = 50 μm. Sed – Sedentary; Im – 





















Fig. 2. Diameter of type I (A), IIa (B), and IIb (C) myofibers of gastrocnemius muscle for each group of non-diabetic and diabetic 
rats. Sed – Sedentary; Im – Immobilization; Rec – Recovery. Data are means ± SE; * significantly different (P<0.05) from the Sed 
group of rats with the same treatment (i.e. non-diabetic or diabetic); † significantly different (P<0.05) from the Im group of rats with 
the same treatment; # significantly different (P<0.05) from the same group of non-diabetic rats. 
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Fig. 3. Light micrographs of histological 
gastrocnemius muscle sections stained for 
alkaline phosphatase. Capillaries appear as black 
dots. The upper row represents non-diabetic rats 
and the lower row represents non-diabetic rats. 
Scale bar = 50 μm. Sed – Sedentary; Im – 




















Table 3. Capillary supply in the gastrocnemius muscle in each group of non-diabetic and diabetic rats. 
 
 Non-diabetic rats Diabetic rats 
 Sed Im Rec Sed Im Rec 
Capillary density 
(mm2) 
800±30.6 888.9±30.0 862.6±38.1 845.9±44.0 914.9±63.8 910±56.9 
Capillary-to-fiber 
ratio 
2.79±0.20 1.91±0.04† 2.54±0.07‡ 2.4±0.17 1.70±0.10† 1.85±0.07†,§ 
 
Data are presented as means ± SE; † significantly different (P<0.05) from the Sedentary group of rats with the same treatment  
(i.e. non-diabetic or diabetic); ‡ significantly different (P<0.05) from the Immobilization group of rats with the same treatment; 
§ significantly different (P<0.05) from the same group of non-diabetic rats. 
 
 
Fig. 4. Levels of IGF-1 (A) and VEGF (B) 
for each group of non-diabetic and diabetic 
rats. Sed – Sedentary; Im – Immobilization; 
Rec – Recovery. Data are means ± SE; 
* significantly different (P<0.05) from the 
Sed group of rats with the same treatment 
(i.e. non-diabetic or diabetic); † significantly 
different (P<0.05) from the Im group of rats 
with the same treatment; # significantly 









In this study, we evaluated the effects of 
hyperglycemia on the recovery of atrophied skeletal 
muscle myofibers after cast immobilization using an 
STZ-induced diabetic rat model. Rats are considered 
severely diabetic when their serum insulin drops below 
80 pmol/l during a 5 hour fast (Fedele et al. 2000). The 
mean serum insulin level observed for the Sedentary 
group of diabetic rats used in this study was 79.2 pmol/l, 
indicating a severe STZ injection-induced diabetic state. 
In a previous study, STZ-induced diabetes was shown to 
cause type II fiber atrophy after the onset of diabetes 
(Medina-Sanchez et al. 1991). Consistent with this 
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finding, the degrees of type I, IIa, and IIb fiber atrophy 
observed for the Sedentary group of diabetic rats were 
2.7 %, 9.0 %, and 11.2 %, respectively, relative to the 
Sedentary group of non-diabetic rats. Moreover, while 
reduction of the C : F ratio in the diabetic mice was not 
statistically significant, the expression levels of IGF-1 
and VEGF were both significantly decreased in the 
diabetic Sedentary group compared to the non-diabetic 
controls. These results corroborate data obtained in 
previous studies (Dehoux et al. 2004, Kivelä et al. 2006, 
Krause et al. 2011). 
In non-diabetic rats, while the blood glucose 
levels did not differ between groups, the serum insulin 
levels and BW in the Immobilization group were 
significantly lower than that observed in the other groups. 
These results are similar those of a previous study 
performed using another rodent model of disuse skeletal 
muscle atrophy known as hindlimb suspension 
(Chowdhury et al. 2011). The decrease in BW was also 
observed in the Immobilization group of diabetic rats; 
however, the serum insulin levels remained unchanged. 
It is possible that this lack of change in serum insulin 
levels was simply because the levels were too low in the 
diabetic rats to be detected with these methods. With 
respect to the isolated GM muscle, the Immobilization 
group of the non-diabetic and diabetic rats showed 
similar results, whereby myofiber atrophy, reduction of 
the C : F ratio, and reduction of VEGF expression were 
observed for both treatment groups. Further, the IGF-1 
levels were not changed by limb immobilization for 
either the diabetic or non-diabetic groups. Thus, we 
suggest that effects of joint immobilization on skeletal 
muscle are not altered by hyperglycemia. 
The most interesting differences between the 
diabetic and non-diabetic rats in this study were observed 
during the Recovery stage. After a two-week 
reambulation period, the degrees of type I, IIa, and IIb 
myofiber regrowth in the non-diabetic Recovery group 
were 14.1 %, 17.0 %, and 20.9 %, respectively, relative to 
the Immobilization group. In contrast, the mean diameter 
of type I, IIa, and IIb myofibers did not increase in the 
Recovery group of the diabetic rats compared to the 
Immobilization group, and the levels of regrowth for each 
type of fiber were only 1.60 %, 2.54 %, and 1.94 %, 
respectively. These results indicate that disuse myofiber 
atrophy induced by immobilization was not repaired as 
readily under diabetic conditions. This finding is 
consistent with previous studies in which the repair of 
skeletal muscle after injury was impaired in 
hyperglycemic environments (Vignaud et al. 2007, 
Jerković et al. 2009, Nguyen et al. 2011).  
Current literature indicates that local 
(paracrine/autocrine) IGF-1 expression plays an 
important role in skeletal muscle hypertrophy (Krause et 
al. 2011). IGF-1 signaling through the Akt/mTOR 
pathway is also a well-described regulator of muscle 
weight (Glass 2010) and it is known that IGF-1 
expression is induced during skeletal muscle regrowth 
following disuse atrophy in normal animals (Nakano et 
al. 2009, Stevens-Lapsley et al. 2010, Washington et al. 
2011). Here, we observed that the muscle IGF-1 levels in 
the Recovery group were significantly increased 
compared to the Immobilization group of non-diabetic 
rats, but this change did not occur in the diabetic rats. We 
suspect that the repression of IGF-1 signaling during 
reambulation in the diabetic rats might be partly 
responsible for the inhibited myofiber regrowth. 
Furthermore, in this study, angiogenesis 
occurred by reloading in non-diabetic rats, but not in 
diabetic rats. This result suggests that hyperglycemia 
impairs endogenous neovascularization in atrophied 
skeletal muscle, which is consistent with previous reports 
indicating attenuation of perfusion recovery and 
angiogenesis in response to ischemia in diabetic animals 
(Rivard et al. 1999, Fallahzadeh et al. 2011). Chronic 
reduction of muscle activity (i.e. disuse) is also known to 
decrease the C : F ratio in muscle tissue, which is 
indicative of a reduction in the absolute number of 
capillaries (Wagatsuma 2008, Nakano et al. 2009). When 
atrophied muscle is recovered via reloading after disuse, 
angiogenesis occurs in conjunction with regrowth of 
myofibers (Nakano et al. 2009) and is thought to occur in 
parallel with hypertrophy in skeletal muscle (Plyley  
et al. 1998). Therefore, we speculate that impaired 
angiogenesis, in addition to repressed IGF-1 signaling, is 
a key factor contributing to the lack of myofiber regrowth 
during the recovery stage in diabetic rats. 
Interestingly, the expression of VEGF, a critical 
factor involved in angiogenesis (Ferrara 1999), during 
immobilization and reloading was not altered by 
hyperglycemia in this study. Further, the increase in 
muscular VEGF levels in the Recovery group compared 
to the Immobilization group is inconsistent with the 
impaired angiogenesis observed for the diabetic rats. This 
contradiction might be explained by a change in the 
function or expression pattern of VEGF receptors 
(VEGFR) in the muscle cells. For example, it has been 
demonstrated that diabetic mice have attenuated 
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perfusion recovery following hindlimb ischemia 
compared to healthy mice, although VEGF expression 
increased in both mice after ischemia (Hazarika et al. 
2007). In addition, membrane embedded and soluble 
VEGFR-1, which can negatively modulate angiogenic 
effects, were significantly increased in diabetic mice in 
comparison to healthy mice (Hazarika et al. 2007). 
Furthermore, Rabinovsky et al. (2004) reported that 
plasmid IGF-1 delivery and sequestration during muscle 
regeneration after injury could be done to augment 
angiogenesis and increase blood flow in the diabetic 
mice, indicating that IGF-1 may play a more important 
role than VEGF during angiogenesis in muscle. 
Therefore, it is probable that the suppression of IGF-1 we 
observed during reloading in the diabetic rats is the 
primary mechanism associated with the inhibition of 
angiogenesis, regardless of the stable expression of 
VEGF in the muscle tissue. 
In conclusion, our study demonstrates that 
hyperglycemia inhibits the recovery from disuse muscle 
atrophy induced by cast immobilization through 
prevention of angiogenesis and regrowth of all types of 
myofiber in the muscle tissue. Hyperglycemia-related 
muscle recovery inhibition might, at least in part, explain 
the muscle weakness observed in patients with DM, 
especially during rehabilitation after casting and bed rest. 
Although additional research is necessary to elucidate the 
mechanistic links and potential clinical implications, our 
data represent a step towards uncovering the relationship 
between DM and skeletal muscle complications. 
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